In this paper the realisation and the first experimental results of a new electrostatic actuator, the 'active joint' are presented. This structure is capable of delivering large forces and large deflections. When a sinusoidal voltage is applied with an amplitude larger than the critical voltage and a frequency close to the resonant frequency, the active joints shows a chaotic response. A first model is presented in order to describe the dynamic behaviour of active joints.
INTRODUCTION
Electrostatic micro actuators are of considerable interest for microsystems. They axe relatively easy to fabricate since in general no special materials (such as piezoelectric or magnetic) are required. However a drawback of electrostatic actuators is the small force or small deflection that can be generated. Combdrives enable us to generate deflections in the order of tens of pm and small forces. By using a larger attractive force between the capacitor plates, the deflection is restricted to a few pm. Furthermore, there seems to be no possibility to create larger forces by dielectric materials in these constructions. Here an actuator is presented that, due to its geometry, combines a large force with large displacements (in the order of the linear dimensions of the actuator itself) and which allows to use a dielectric thin films to increase the generated force. The first description of active joints can be found in [l] . A version moving in the plane of the wafer has been presented by Legtenberg et al. [2] . Here we describe a version for out-of-plane movement. The structure consists of two capacitor plates where one or both are bend. A voltage Merence between these plates results in a force which bends the plates to each other (figure 1). 
THEORETICAL MODEL

Static behaviour
A first approximation can be made if it is assumed that the actuator is partially collapsed over a length 1. Then the pull-in voltage is given by: Vct1lapse = 12R2 E A,, (1) where E is the effective young's modulus of the cantilever beam material, h its thickness, and b its width. R is the radius of the curvature in initial state. d is the thickness and E is the dielectric constant of the insulator. Ael is the area of the ground electrode.
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Due to the construction of the actuator the thickness d is not only determined by the thickness of the insulator, but also by the thickness of an air gap. d and E can be written as :
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Now equation (1) can be written as:
The actuator described by equation (3) has only two stable states, however this is not the case when the area A,I depends on 1. For a triangular ground electrode the collapsed length 1 will be [ 11 : where L is the total length of the cantilever beam. Note that when the actuator is collapsed, dgap = 0 so the Vco~~apse used in equation (4) is given by equation (l), however equation (4) is valid after V > Vcollnpse as given in equation (3) . This is shown in figure 2. 
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The potential energy consists of the electrostatic energy (E,) of the capacitor plates and of the mechanical energy (E,) of the curved beam, so:
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The absolute value in equation (9) is taken in order to get a equilibrium for x = 0. The kinetic energy is given by:
where V, equals to the velocity of a infinitesimal strip of the curved beam in point p (figure 3), Abm the area and p the density of this strip. Due to the movement of the actuator this velocity is directional and the absolute value is given by:
where v equals to the velocity of the centre of the curve i.e. the velocity of the collapsing part of the actuator. 
FABRICATION
The active joint described here consists of one curved beam which is fixed at one place and a triangular or rectangular ground electrode separated by an insulator. The realisation of the active joint with the .rectangular electrode differs from the method used for the triangular electrode. Both types are realised using micromachining and will be described here.
Rectangular electrode
After standard wafer cleaning in fuming HN03 and boiling HN03, a ground electrode of Ti/W is evaporated and the insulating Si02 layer is deposited using PECVD.
Next a sacrificial layer of 20 -50 nm FC is formed by spincoating at 1500 -4000 RPM for 20 s. After patterning the FC layer with an O2 plasma a 1 pn A1 layer and a SO nm Cr layer is evaporated and patterned. Due to the tensile stress in the Cr/Al layer and the poor adhesion of the FC, the cantilever beams tend to curl upwards spontaneously. Finally the sacrificial layer is etched using a O2 plasma at 25 "C for 10 minutes. See figure 6. 
Triangular electrode
After standard wafer cleaning, cavities are etched in the wafer. Next the ground electrode of Tim is evaporated and patterned in the cavities. On a second wafer a thin layer of 1 pm glass is sputtered. In order to get sealed cavities both wafers are bonded by using anodic bonding at 450 "C and backetching in KOH [3] . After this an Al Payer is evaporated and patterned. Finally the cantilever beams are fried by etching the glass using RIE. See figure 7 and 8. 
--
Further it seems as if there were certain stable positions, which probably are due to defects between the beam and the substrate (see figure 8) .
to the fundamental resonance frequency or to a frequency characteristic for the switching time of the actuator, however the model calculations are based on the latter. 
DISCUSSION AND CONCLUSIONS
An electrostatic actuator design has been presented where a cantilever beam can be positioned by means of electrostatic forces. Also a two models are presented to describe the static as well as the dynamic behaviour of the actuator. The dynamics of the actuators are very complex.
Close to Vco~~apse the resonance frequency of the electromechanical system approaches zero as is the case in a parallel plate capacitor close to the pull-in voltage. The dynamic equation is then controlled by a non-linear force, as is the case e.g. in Duffing's equation, see e.g. [4] , with consequently bifurcation's and chaos. Measurements on actuators with a triangular electrode show a voltage controlled deflection, but the behaviour is not in agreement with the theory. This can be explained by the lack of an isolated ground electrode .
Initial experiments on actuators with rectangular electrodes show that the qualitative behaviour is in agreement with the dynamic model. More experiments are required to test the quantitative behaviour, however the calculated 'resonant' frequency is higher then the one observed. When terms of damping and a spring constant are incorporated in the model, better results might be expected. Also the expression for the mechanical energy needs to be reviewed. The energy for x < 0 should increase much faster than proportional to x. The complex dynamics of the actuator might hamper the application of the device in a microsystem. Presently it seems that the are useful only at small frequencies.
